In 1972, Kumada's group and Corriu's group independently reported cross-coupling reaction of Grignard reagents with aryl and alkenyl halides catalyzed by nickel(II) halides. 1 The catalytic cycle, which involves oxidative addition, transmetalation, and reductive elimination steps, has become a prototype of a more practical Pdcatalyzed cross-coupling reaction. These reactions proceed smoothly using a variety of organometallic reagents containing B, Mg, Li, Sn, Al, and Zn as the metal connecting to alkyl, alkenyl, aryl, alkynyl, allyl, and benzyl groups as the organic part. 2 As for the coupling partner, however, the scope is generally limited to aryl and alkenyl moieties. The use of alkyl halides, triflates, or tosylates usually gives unsatisfactory results due mainly to the slow oxidative addition to transition metal catalysts and the facile -elimination from the alkylmetal intermediates. Thus, the alkyl-alkyl crosscoupling reaction catalyzed by transition metal complexes has remained as an interesting and challenging theme to be solved in this field. 3-7 Recently, we have developed regioselective monoand dialkylation of alkenes or dienes with alkyl halides or tosylates using titanocene 8 or zirconocene 9 catalysts. During the course of our study on transition metal catalyzed alkylation reactions, we have found that Ni catalyzes the cross-coupling reaction of alkyl chlorides, bromides, and tosylates with Grignard reagents in the presence of a 1,3-butadiene as an additive (eq 1).
For example, a reaction of n-decyl bromide with n-butylmagnesium chloride (1.3 equiv) in the presence of isoprene (1.0 equiv) and NiCl 2 (0.03 equiv) at 25°C for 3 h gave tetradecane in 92% yield along with trace amounts of decane (<1%) and decenes (2%) ( Table 1 , entry 1). In the absence of isoprene, tetradecane was obtained in only 2% yield and significant amounts of decane and decenes were formed (entry 2). The use of Ni(acac) 2 and Ni(COD) 2 also afforded tetradecane in high yields (entries 3 and 4). When nickel complexes bearing phosphine ligands, such as NiCl 2 (PPh 3 ) 2 and NiCl 2 (dppp), were used, tetradecane was obtained only in 45% and 22% yields, respectively. Under similar conditions, FeCl 3 and CoCl 2 (dppe) were ineffective, and PdCl 2 gave a moderate yield of tetradecane (entry 5). Next, we examined the effect of additives which are essential to promote the present coupling reaction. Unsubstituted 1,3-butadiene shows by far the highest activity for this cross-coupling reaction (entry 6). 2,3-Dimethyl-1,3-butadiene, COD, alkynes, and alkenes are far less effective under the same conditions (entries 7-10).
Optimization of the reaction conditions using 1,3-butadiene revealed that use of only 1 mol % of NiCl 2 and 10 mol % of 1,3-butadiene (0.07 M in THF, 10 equiv to Ni catalyst) based on the halides at 0°C afforded coupling products quantitatively in the reaction of primary bromides with primary alkyl Grignard reagents ( Table 2 , entries 1 and 2). Interestingly, the bromo substituent on the aryl ring remained intact in this reaction system (entry 2). This cross-coupling reaction also proceeds efficiently by using alkyl tosylates (entries 3-5). It should be noted that alkyl chlorides can also undergo this cross-coupling reaction, giving rise to the desired products in good yields (entry 8). This is the first example of crosscoupling of inactivated alkyl chlorides. 7 Aryl and secondary alkyl Grignard reagents also afforded the corresponding products in moderate to good yields (entries 5-7), but no reaction took place with CH 2 dCHMgBr and PhCtCMgCl under similar conditions and most of the alkyl bromides were recovered.
To elucidate the reaction pathway, we first performed a reaction of NiBr 2 with 2 equiv of n-octylmagnesium chloride in the presence of isoprene (0.7 M in THF) at 25°C for 15 min. This reaction gave octane and 1-octene in 43% and 45% yields, respectively; however, homocoupling product, n-hexadecane, was not formed. Assuming that NiBr 2 reacts with n-octylmagnesium chloride to form n-Oct-Ni-Br, this result implies that the present coupling reaction does not involve a process of oxidative addition of alkyl halides to Ni(0) since this process also affords n-Oct-Ni-Br. It was also confirmed that n-decyl bromide does not undergo oxidative addition toward Ni(COD) 2 in THF containing 1,3-butadiene (0.7 M) at 0°C resulting in the recovery of n-decyl bromide.
To examine the intermediary of alkyl radicals, we then carried out the coupling reaction of (bromomethyl)cyclopropane with n-Oct-MgCl under identical conditions of entry 1 in Table 2 . Nonylcyclopropane was obtained as the sole coupling product in 87% yield (eq 2) without formation of 1-dodecene, which may arise from ringopening of the cyclopropylmethyl radical. 10 This result would rule out a radical mechanism. 11 Considering the foregoing results, we propose a plausible reaction pathway as depicted in Scheme 1. The added NiCl 2 is reduced to Ni(0) by the reaction with n BuMgCl. It is known that Ni(0) reacts with 2 equiv of 1,3-butadiene to afford bis-π-allyl nickel complex 1, 12 which reacts with Grignard reagents to form η 1 ,η 3 -octadienediylnickelate complex 2. 13 Coupling products might be formed by oxidative addition of alkyl halides to 2 yielding dialkylnickel complex 3, followed by reductive elimination. Butadienes play an important role in converting Ni(0) to Ni(II) (1), which is less reactive toward R-X but readily reacts with R′-MgX to form 2 as a key intermediate. This complexation might enhance nucleophilicity of Ni toward R-X.
In conclusion, a novel method for the cross-coupling reaction of Grignard reagents with alkyl chlorides, bromides, and tosylates has been developed with the aid of Ni catalysts. This reaction proceeds efficiently by the use of primary and secondary alkyl-or arylmagnesium halides under mild conditions. The use of 1,3-butadiene as an additive instead of phosphine ligands is the key to attaining high yields of the cross-coupling products.
